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Introduction
SolarEmpower Ltd. aims to exploit solar power as well as producing a cheap, cost competitive Building Integrated Photovoltaic (BIPV) system into the PV market. SolarBrane [1] is a BIPV system developed by SolarEmpower Ltd after years of research. It is a static solar device. Unlike conventional solar photovoltaic (PV) systems which only generate electricity, SolarBrane utilises both direct and indirect solar radiations to produce electricity, hot water, space heating, illumination and ventilation for a building which reduces the power consumption of a building [1] , [2] . Figure 1 shows the diagram of a SolarBrane.
To reduce the production cost of the system, a solar concentrator is used in the design. A solar concentrator is one of the devices used in the BIPV system that maximizes the collection of solar light and focuses the light to a smaller exit area, at which a PV cell is attached. While traditional solar PVs use a large area of silicon cell, the introduction of a concentrator in the design enables SolarBrane to use approximately 30% of the total silicon whilst maintaining the same output power [1] , [2] . An important component of the SolarBrane is the Solar Photonic Optoelectronic Transformer (SPOT). Currently, the optical concentrator incorporated in the SPOT is a 2-D extrusion of a dielectric totally internally reflecting concentrator (DTIRC) profile (see Figure 2) and is deposited on a rectangular PV cell cooled by water or air depending on the application. This concentrator has proven to provide three advantages as compared to alternative optical elements such as a conical concentrator or a compound parabolic concentrator (CPC) [3] , and these are listed below.
1. It provides higher optical gain which is useful to increase the cell performance efficiency. It also means that a smaller area of PV cell can be incorporated in the design. 2. It is a more compact structure. A concentrator of a more compact size means less material is needed, which results in a lower manufacturing cost of the whole solar cell system. 3. It has potentially a large field-of-view (FOV).
This can be selected during the design stage and can be used to eliminate the need for expensive mechanical tracking which consumes a lot of power. The current DTIRC design is based on the phase conserving method (PCM) developed by Ning et. al [3] in 1987. However, further optimization to improve the performance on the existing concentrator is desirable.
General DTIRC Design
A DTIRC consists of three parts; a curved front surface, a totally internally reflecting side profile and an exit aperture (see Figure 3 ). When the rays hit the front curved surface, they are refracted and directed to the side profile. Upon hitting the sidewall, they are totally internally reflected to the exit aperture. Outside the range of the acceptance angle, the rays exit from the side profile, missing the PV cell [4] . The side profile of a DTIRC consists of two curved profiles as illustrated in Figure 3 . The upper profile covers from P1 to P2 and the lower part from P2 to P3. Any extreme rays hitting portion P1 to P2 will be directed to the point P3' after a single total internal reflection (TIR). The ray hitting P2 exits at P3' although it barely satisfies the TIR condition. For portion P2 to P3, there are two ways to create this profile.
• Based on the MCM: Impose a condition such that all the rays experience a single TIR and arrive at the exit aperture, without restricting the exit angle and the incident angle, which results in achieving the maximum possible concentration.
• Based on the PCM:
Create a profile that allows the rays to exit in parallel, which enables the rays to exit with a welldefined wavefront.
Although both methods can be used to create similar structures, the first technique offers slightly higher concentration at the cost of increasing the size of the concentrator. The DTIRC is proven to have the capability to achieve concentrations close to the theoretical maximum limit [3] .
Maximum Concentration Method
To simulate a DTIRC based on the MCM in a Cartesian coordinate system, the 2-D solution is obtained first to produce the x and y-coordinates of the profile. Based on the input variables, a computer program is used to calculate the trial height, which is later used to calculate the coordinates of the side wall. This calculation takes into account the number of extreme rays entering the concentrator at the critical angle. Once it is completed, the program compares the trial entrance aperture with the calculated aperture. A new entrance aperture is computed from the difference between the two apertures. A number of iterations take place until the difference between both apertures is within a predetermine error value [3] . Figure 4 shows the simulated diagram of the new concentrator design based on the MCM.
To simplify the analysis, the following values are fixed throughout this paper: d 0 = 1cm and N = 200.
Performance Analysis
The analysis of the main geometrical characteristics of a DTIRC based on MCM compared to one produced using the PCM is done varying three parameters, by varying the acceptance angle (θ a ), the front surface arc angle (φ) and the index of refraction of the dielectric material (n). As mentioned earlier, the other two parameters are fixed to ease the analysis. The number of extreme rays (N) is used to provide the number of x-y coordinates as well as the numerical precision. The effect that the input parameters have on the geometrical concentration, the entrance diameter and the total height of the concentrator are then evaluated. Table I shows the effect of different acceptance angles, Table II indicates the effect of varying the front surface arc angle and Table III presents the effects of changing the index of refraction of the dielectric material. In each table, the comparison of the dimension of the concentrator as well as the geometrical concentration gain between using the PCM and MCM are shown in detail. The improvement of the optimised design is also calculated as a percentage value in relation to the current design and is included in each table.
The geometrical concentration gain for a 2-D concentrator is defined as the ratio of the entrance aperture diameter to the exit aperture diameter [4] . In general, the DTIRC gain is inversely proportional to the acceptance angle and to the arc angle. As the front surface becomes more curved, rays are bent more sharply. It is harder to satisfy the total internal reflection condition, thus the gain is reduced [3] . It is also concludes that a DTIRC will achieve larger gain if it is produced by using a higher index of refraction material. Table I shows an increment of between 0.94% and 2.33% in terms of gain, and increments of between 0.94% and 2.33% and between 0.79% and 1.81% in terms of the entrance diameter and total height respectively. In Table  II , the gain increases to between 0.05% and 2.77% while entrance diameter and the total height increase between 0.05% and 2.77% and 0.04% and 2.31% respectively. In Table III , the percentage increase in terms of the gain and the size of the concentrator reduce with increasing refractive index. The percentage increase of the gain, entrance diameter and total height reduce from 1.21% to 0.57%, from 1.21% to 0.57% and from 0.98% to 0.47% respectively.
Observing the three tables, in all cases the MCM offers a higher gain than the PCM. Both the total height and the entrance diameter of the new concentrator design are slightly greater than the current concentrator design. This implies that the MCM produces a slightly larger concentrator structure. 
Cost of Implementation Analysis
The Feed-in Tariff (FIT) is one of the incentives offered by the UK government to increase the renewable energy penetration especially for small scale electricity generation [5] . For any solar panel installed in existing building, the FIT could potentially benefit the participants for a contract period of 25 years in three ways: (1) All the electricity generated will be paid 41.3p per kWh; (2) Any electricity exported into the grid will be paid 3.0p per kWh, and (3) The electricity generated can be used by the participants, which reduces the amount of electricity required. Figure 5 shows the conceptual diagram of an FIT implementation in a UK house. On average, the current cost of electricity is 12.5p per kWh [5] - [6] .
To date, a typical UK household consumes about 22,000kWh per year [7] , where 58% of the energy is used for space heating, 23% for hot water, 16% for lighting and appliances and 3% for cooking [8] . SolarBrane could be the chosen BIPV system as compared to traditional solar PVs for the installation in residential and office buildings because of its main advantages; cheaper initial cost due to less PV used and much better performance
This section analyses the cost of implementing a 2.5kWp PV system on a UK house using three types of PV panel; traditional PV system, current SolarBrane and optimised SolarBrane. Then, based on the FIT scheme, the performance of the PV is analysed and the cost savings from the scheme is calculated. Finally, the payback period and the return on investment of each PV panel type are presented and compared. Table IV summarises the whole calculation in this section for all three cases.
Looking at Table I and II, it is observed that the larger the acceptance angle and the front surface arc angle of the concentrator, the larger the difference in gain percentage and the size percentage. A larger concentrator means that the optimised system will require more material to produce the concentrator. However, higher gain can also mean that a smaller PV cell could be used in the SolarBrane. Consider one of the examples of a BIPV installation done by Planet Solar Ltd. where a 2.5kWp system was installed, covering a roof's area of 17.00m 2 , and at a cost of £12,500.00 1 [9] . According to [10] , the cost of a PV material contributes to about 60% of the total cost; hence it is possible to suggest that the cost of PV material will be £7,500.00. This system is a traditional solar PV installation which does not implement any concentrator in it.
The current SolarBrane however only uses 30% of the PV material [1] ; therefore the cost of PV is around £2,250.00. Based on the calculation in [11] , the cost of implementing the concentrator in the system is estimated to be around £13.02 2 per square metre, and therefore is equals to £221.34 for an installation that covers an area of 17.00m
2 . Supposing the rest of the costs remain the same, the total cost of implementing the current design is estimated to be £7,471.34. Now, consider the optimised SolarBrane that uses the DTIRCs based on MCM. From the information in Table  II , if the front surface arc angle is set to be 45⁰, the increment of the entrance diameter, the total height and the geometrical gain are 2.77%, 2.31% and 2.77% respectively. If SolarEmpower Ltd. opted to use the optimised concentrator whilst maintaining the same electrical output as the existing concentrator, the amount of PV material used can be reduced by 2.77% which translates to a cost of £2,187.64. The concentrator's volume will be increased by approximately 6.40%, which is roughly around £235.50. The total cost of implementing the new concentrator is £7,423.14. The new concentrator could therefore save about £48.21, which contributes to a reduction of total cost by approximately 0.65%. It can also be seen that by 1 UK's Energy Saving's Trust estimates that cost to install an average solar PV system of 2.2kWp is around £12,000.00 [6] . 2 The system in [11] employs the extrusion of CPCs in an area of 0.60m 2 , which costs about £17.50. To produce a concentrator in an area of 1.00m 2 , the cost is estimated to be roughly £29.17. Since the size of the DTIRC is less than 45% of the CPC, the cost of implementing the DTIRC in a 1.00m 2 is estimated to be £13.02 per square metre. implementing the current SolarBrane or the optimised SolarBrane, a consumer can save about 40.23% and 40.61% of the total installation cost respectively, as compared to the traditional solar PV system.
To investigate the annual output of the PV module installed, some assumptions [5] - [6] are made to ease the calculation. The solar panel is calculated based on the assumption that it will maintain 100% performance in its 25-years lifecycle. Also, any maintenance cost is omitted from the calculation, taking into account that a good solar panel could last over a long period of time. It is also assumed that the participant opted to use 70% of the electricity generated and exports the excess 30% back into the national grid.
A 2.5kWp solar panel installed in Glasgow, UK could generate about 2404.44kWh in a year 3 . This translates to an annual generation income of approximately £993.03. Since 30% of the electricity is exported back into the grid, the payment received from this activity is calculated to be about £18.03 per year. The participant also uses 70% of the electricity generated, which saves him roughly £225.42 per year. Hence, the annual value of FIT from the installation totals £1236.48.
From this annual return value, the payback period for the installed solar panel is calculated for each type of solar PV. The SolarBrane using the optimised concentrator has the shortest payback period which is 6.00 years, followed by the current SolarBrane in 6.04 years. The cost of installing a traditional solar PV panel will be gained back in 10.11 years.
It is also projected that the revenue from the installation totals £30,912.05 for a period of 25 years. Therefore, the average return on investment for the traditional solar PV system, the SolarBrane using the current concentrator and the SolarBrane using the optimised concentrator is 5.89%, 12.55% and 12.66%.
From this analysis, it can be seen that the optimised SolarBrane has three advantages; lower installation cost, shorter payback period and higher annual return on investment.
Conclusion
For any BIPV system, it is always desirable to improve the design to obtain the optimised performance. This is also true to the SolarEmpower's BIPV system, the SolarBrane. The SPOT is one of the components that form the SolarBrane. The SPOT uses a solar concentrator which focuses the solar energy into a smaller area as well as reducing the dependency on expensive PV, hence reducing the total cost of the system. The current concentrator in the SPOT is a DTIRC design based on the PCM.
An optimised design for the SolarBrane based on the MCM has been explored. This method yields almost identical structure to the design based on PCM. The geometrical analysis of the DTIRC based on MCM is presented. From the simulation results, this optimised concentrator design provides slightly higher gain, but produces a slightly larger size. The new optimised concentrator offers a lower cost of implementation, shorter payback period and an even higher annual return as compared to the existing design.
